By using the Rosenfeld density functional we determine the number density profiles of both components of binary hard-sphere fluids close to a planar hard wall as well as the corresponding excess coverage and surface tension. The comparison with published simulation data demonstrates that the Rosenfeld functional, both its original version and sophistications thereof, is superior to previous approaches and exhibits the same excellent accuracy as known from studies of the corresponding one-component system.
I. INTRODUCTION
A variety of experimental techniques has emerged which allow one to resolve the inhomogeneous density distributions of fluids at interfaces, a subject which enjoys broad scientific interest. In this context the ability to manufacture highly monodisperse colloidal suspensions has turned out to be particular useful as they provide the possibility to tune the effective interactions in these systems such that, e.g., the colloidal particles closely resemble hard-sphere fluids [1] . Since many of these experimental probes are indirect scattering techniques there is a substantial demand to guide them theoretically. Computer simulations and integral theories [2] are important tools of statistical physics to address these issues.
Density functional theory (DFT) [3] has emerged as an additional approach which is capable to capture interfacial phase transitions and to sweep the thermodynamic and interaction parameter space of the system under consideration. The potential to combine these two possibilities poses already a major challenge for the other techniques. If DFT acquires in addition the same accuracy as the other two techniques, it could gain a clear competitive edge.
Although there is no recipe for constructing systematically a reliable DFT in spatial dimensions d ≥ 2, the constant flux of developments over many years has led to a rather high level of sophistication. Among these theories for hard-sphere fluids, which act as paradigmatic systems and stepping-stones for more complicated models, the Rosenfeld functional has emerged as a particular powerful theory which resorts to the fundamental geometrical measures of the individual sphere [4] . For the standard test case of the highly inhomoge- Rosenfeld DFT results from the simulation data from Ref. [5] are at most 1 × 10 −3 at high packing fractions, otherwise less than 3 × 10 −4 .
Another virtue of the Rosenfeld functional is that is easily lends itself to the generalization to multi-component hard-sphere fluids. This opens the door to investigate rich new physical phenomena as particles of different size compete for interfacial positions [6] . Even for the simplest multi-component system, the binary hard-sphere fluid, there are only relatively few theoretical studies which determine their structural properties near a planar hard wall, using
Monte Carlo simulations [7] [8] [9] [10] , integral equation theories [9] , and various kinds of density functional theory [8] [9] [10] [11] [12] [13] [14] [15] , as well as in spherical pores [16] . Here we analyze this problem by using the corresponding Rosenfeld functional both in its original version [4] as well as for sophistications thereof [17, 18] . By comparing these results with published simulation data [10] we assess to which extent the quantitative reliability of the Rosenfeld functional for the one-component hard-sphere fluid remains valid for the corresponding binary system.
Moreover we determine concentration profiles, the excess coverage, and the surface tension of the binary hard-sphere fluids at a hard wall. We describe the DFT in Sec. II and report our results in Sec. III followed by a summary and our conclusions in Sec. IV. The Appendix contains important technical details.
II. DENSITY FUNCTIONAL THEORY
The Rosenfeld functional for the excess (over the ideal gas) Helmholtz free energy of a mixture of hard spheres with number density profiles {ρ i (r)}, i = 1, . . . , N, can be written as [4] βF ex [{n α }] = d 3 r Φ({n α (r)}) (1) which is a functional of the four scalar weighted densities n α (r) for the N-component mixture
with 4N scalar weight functions ω (α) i
and two three-component vector weighted densities
with 2N vector weight functions ω (α)
i . The weight functions contain only information about the fundamental geometrical measures of a single sphere of species i, namely its volume, surface area, and radius R i , i.e., in particular they are independent of the density profiles.
The explicit expressions for the weight functions are given in the Appendix. Φ({n α }) = Φ 1 + Φ 2 + Φ 3 is a function of the weighted densities with [4] 
and
where ξ(r) ≡ |n 2 (r)|/n 2 (r), which is the ratio of the modulus of the vector weighted density n 2 (r) and the scalar weighted density n 2 (r). We want to note that ξ(r) ≡ 0 in the bulk and is small for small inhomogeneities. While this original Rosenfeld functional describes very successfully the fluid phase of a one-component hard-sphere system [19] , it fails to predict the freezing transition. This failure has been studied in detail in Refs. [17] and [18] . For the freezing transition it turns out that the zero-dimensional limit of the functional, in which a small cavity can accommodate only a single sphere, plays a key role. In a crystal the thermal vibrations around a lattice site can be interpreted as the motions in such a cavity formed by the neighboring spheres. Only if the statistical mechanics in such a cavity is described properly by the density functional, the freezing transition is predicted correctly. This is not the case for the original Rosenfeld functional. This problem can be fixed by modifying slightly the contribution Φ 3 [see Eq. (6)] such that the freezing transition is predicted by the modified functional while at the same time, for lower packing fractions, the accuracy of the original functional in describing the inhomogeneous fluid is kept. The following modifications have been suggested [17, 18] :
with q ≥ 2 and
The first suggestion, Φ 3,q , is an antisymmetrized version of Φ 3 in Eq. (6) and the second, Φ 3,int , interpolates between Φ 3 of Eq. (6) and Φ 3,0D in the exact zero-dimensional limit
While the modified Rosenfeld function with Φ 3,0D does successfully predict the freezing transition of the one-component system, it leads to modified bulk properties and hence cannot describe the hard-sphere fluid as accurate as the original Rosenfeld functional. We note that the difference between Φ 3 of the original Rosenfeld functional and both Φ 3,q with q = 3 and Φ 3,int is of the order of O(ξ 3 ). Therefore we expect the biggest differences between the various versions of the Rosenfeld DFT to occur close to the wall where ξ is largest.
Both the original Rosenfeld functional and the modifications corresponding to Eqs. (7) and (8), i.e., the functionals that share common bulk properties, are very successful and accurate for the one-component fluid. But far less is known for binary mixtures. While in this latter respect in Ref. [20] very good agreement between the density profiles obtained from the Rosenfeld functional and simulation data from Ref. [7] has been mentioned, in a recent study [10] significant deviations between the Rosenfeld DFT results and simulations have been found. In this latter study an alternative but equivalent formulation [21, 22] of the original Rosenfeld functional has been applied.
Here we are interested in the equilibrium density profiles ρ s,0 (r) and ρ b,0 (r) of both the small and big components of binary hard-sphere mixtures close to a planar hard wall. To this end we freely minimize the functional
which is written in terms of the functional
with the exactly known ideal gas contribution F id ,
with λ i the thermal wave length of species i. For the equilibrium density profiles ρ i,0 (r), i = s, b, the functionals F and Ω reduce to the Helmholtz free energy and the grand canonical potential of the mixture, respectively; µ s and µ b are the chemical potentials of the two species. The external potentials entering into Eq. (10) model the planar hard wall at z = 0:
i = s, b, with z the normal distance from the wall. The external potentials prevent the centers of spheres of species i to approach the wall, located at z = 0, closer than R i in which case they are in contact.
In the absence of spontaneous symmetry breaking due to freezing, which we do not consider here, the profiles ρ i,0 (z), i = s, b, depend only on the normal coordinate z which simplifies the minimization of the functional.
Far away from the wall, i.e., in the bulk system, the vector weighted densities n 1 and n 2 and thus ξ vanish. In this limit both the original Rosenfeld functional and the two modifications corresponding to Eqs. (7) and (8) reduce to the same bulk expression given by
and hence they share the same bulk properties. We want to emphasize that as a consequence of this feature all versions of the Rosenfeld functional predict density profiles which show the same asymptotic decay towards the bulk value [23] . The weighted densities in the bulk limit are obtained by inserting the bulk densities ρ i,bulk := ρ i,0 (z = ∞) into Eq. (2) yielding
The equation of state following from Eq. (14),
is the Percus-Yevick compressibility equation of state of the mixture [24] . This expression is related to the contact values of the density profiles according to the sum rule [25] βp = i=s,b
This sum rule is respected by the Rosenfeld functional as by any weighted-density DFT [26] and therefore provides a test for the numerical accuracy of the calculations. In the following we suppress the subscript 0 which indicates equilibrium profiles as opposed to variational functions.
III. STRUCTURAL AND THERMODYNAMIC PROPERTIES
A. Density profiles
The number density profiles of both components of binary hard-sphere mixtures close to a planar hard wall are obtained by a free minimization of the functional given in Eq. (10).
We use the original Rosenfeld functional as well as the modified versions corresponding to Eq. (8) and to Eq. simulation data published in Ref. [10] . In addition we calculate the local concentrations Φ s (z) and Φ b (z) of the small and big spheres, respectively, defined as
We find excellent agreement between the density profiles of both components obtained by density functional theory and the simulation data for all systems under consideration.
This 
We find thatĒ s andĒ b are at most 5 × 10 −4 and 6 × 10 As mentioned above, small differences between the DFT results corresponding to the various versions of the Rosenfeld functional can be found for these values of η. In order to be able to resolve these small differences magnified parts of the density profiles from Fig than for the smaller ratio discussed in Fig. 2 and strongly locked in without additional fine structure such as the double peak appearing in Fig. 2 .
In addition we test the numerical accuracy of our calculations by means of the sum rule given in Eq. (20) . In Table I Table II. Equation (20) represents a sum rule which must be fulfilled by the density profiles as obtained by any of the density functionals considered here. However, no corresponding rules are available for the individual contact values. We find that for all versions of the Rosenfeld functional under consideration here, the sum rule is respected equally well. However, the individual contact values may differ. This statement is in line with the expectation that the biggest differences between the various versions of the Rosenfeld functional occur in a region where ξ is large, i.e., close to the wall, and is substantiated in Table III for the binary mixture with size ratio R b : R s = 5 : 3 and in Table IV for the size ratio R b : R s = 3 : 1.
Vested with this confidence in our numerical procedures we are now able to comment on the comparison of our DFT results for the original Rosenfeld functional with those obtained by earlier DFT studies [8] [9] [10] [11] [12] [13] [14] [15] . We find that DFT approaches other than the Rosenfeld DFT predict the structure of the density profiles of a binary hard-sphere mixture near a planar hard wall only qualitatively [8, 9, [11] [12] [13] [14] [15] (22)]. The predictions of the Rosenfeld functional agree excellently in all details with the simulation results from Ref. [10] . The deviations between the DFT results of Ref. [10] , calculated with the Rosenfeld functional, and their own simulations originate most likely from numerically problems of the iteration procedure used in Ref. [10] . This suspicion is further supported by the fact that the DFT density profiles shown in Ref. [10] seem to violate the sum rule Eq. (20) . Thus we are led to the conclusion that the deviations between the Rosenfeld DFT results and the simulation data reported in Ref. [10] most likely are artifacts generated by numerical problems in implementing the iteration procedure used in Ref. [10] for solving the Euler-Lagrange equations corresponding to the Rosenfeld density functional. Therefore the doubts raised in Ref. [10] about the performance of the Rosenfeld DFT for binary hard-sphere mixtures are not justified. We conclude that the Rosenfeld DFT exhibits the same high accuracy in predicting density distributions of binary hard-sphere mixtures as for the one-component hard-sphere fluid.
B. Excess adsorption and surface tension
One of the virtues of DFT is that based on the knowledge of the local structural properties ρ i (z), i = s, b, it is straightforward to calculate also thermodynamic properties such as the excess adsorptions Γ i and the surface tension γ. Here we determine these quantities near a hard wall for a binary hard-sphere fluid whose components exhibits a size ratio R b : R s = 3 : 1. Our analysis is confined to the fluid phase of the mixture; the phase boundary for freezing is estimated from the bulk phase diagrams presented in Refs. [33] .
The excess adsorption of species i, i = s, b, is defined as
This definition of the excess adsorption differs from the definition used in Ref. [34] as well as from that used in Ref. [35] . To recover the results for the excess adsorption of a onecomponent hard-sphere fluid in Ref. [34] and Ref. [35] one has to subtract from and add to our results, respectively, the constant Moreover, all versions of the Rosenfeld functional display a common characteristic decay because they share the same bulk properties [23] so that the contributions to the excess adsorption far away from the wall are very similar for the original Rosenfeld functional and its modifications.
The grand potential Ω of a system in contact with a wall Ω = Ω bulk + Ω surf (25) decomposes into a bulk contribution, Ω bulk = −pV , given by the bulk pressure p in the system times the volume V occupied by fluid particles, and a surface contribution, Ω surf = γA, which is the surface tension γ times the surface area A of the wall. Scaled particle theory (SPT) provides an approximate expression for γ for a one-component hard-sphere fluid [37] as well as a generalization to hard-sphere mixtures [24] close to a planar hard wall. The surface tension of a one-component hard-sphere fluid within SPT is well tested and turns out to provide reliable results as compared with both DFT calculations [34] and simulations [38] . In Ref. [39] a fit to simulation results of the surface tension of a one-component hardsphere fluid at a planar hard wall is presented, which gives quasi-exact results and closely resembles the SPT expression.
In terms of the weighted bulk densities n 0 , . . . , n 3 , defined in Eqs. (15)- (18), the SPT approximation for the surface tension of a hard-sphere mixture close to a planar hard wall [24] can be written as
This expression reduces to the one-component SPT approximation of the surface tension when it is evaluated for the one-component bulk weighted densities. In this latter case the surface tension can be expressed solely in terms of the packing fraction η of this single component.
Within the Rosenfeld functional the surface tension γ of a binary hard-sphere mixture at a planar hard wall follows from the equilibrium density profiles ρ i (z), i = s, b, as obtained in the previous subsection: 2. The concentration profiles (see Fig. 2 and Fig. 6 ) calculated from the density profiles confirm the depletion picture: the small spheres are depleted from regions close to the wall while the big spheres are enriched. Tables I and II by the high degree at which the sum rule Eq. (20), which relates the sum of the contact values of both density profiles with the equation of state, is respected. The sum rule, however, makes no prediction for the individual contact values and we find in Tables III and IV that each version of the Rosenfeld functional takes a different route to satisfy the sum rule.
The numerical accuracy of our calculations is demonstrated in
4. Using the modified Rosenfeld functional corresponding to Eq. (8) we have calculated the excess adsorption of the small spheres Γ s (η s , η b ) (see Fig. 7 ) and of the big spheres Fig. 8 ) as functions of the packing fractions η s and η b for a binary hardsphere mixture with size ratio R b : R s = 3 : 1. We find that these quantities depend very sensitively on the accuracy of the numerical calculations and, as can be seen in From these results we conclude that the class of Rosenfeld functionals yields quantitatively reliable descriptions of interfacial structures in binary hard-sphere fluids. We expect that the same level of reliability also holds for multi-component hard-sphere fluids.
The excess adsorptions Γ s and Γ b of the small and big spheres emphasize the differences between the various versions of the Rosenfeld functional most. In order to decide whether the original Rosenfeld functional or whether its modifications predict these quantities more accurately, additional simulation data of the excess adsorption in a binary hard-sphere fluid are needed.
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APPENDIX A: CALCULATION OF THE WEIGHTED DENSITIES
Within the minimization procedure of the Rosenfeld functional the weighted densities n α and n α have to be calculated repeatedly. Therefore it is necessary to optimize these calculations with respect to both computational speed and numerical accuracy.
The weight functions of the Rosenfeld functional are given by
with the Heaviside function Θ and the Dirac delta function δ. The remaining scalar weight functions are proportional to ω (2) i : ω
The first vector weight function is collinear with ω
In order to calculate the weighted densities integrals I (α) i of the type
have to be evaluated. For these convolution type integrals one can exploit the symmetry properties of the density profiles. For the present geometry the weighted densities can be written as
with s and b for small and big, respectively, and with reduced weight functionsω (α) i which are functions of z only:ω
andω (2) i (z) = 2πze z (A8) with the unit vector e z in z-direction. The relations between these and the remaining weight functions are the same as for the original weight functions. The integrals in Eq. (A5) are one-dimensional convolutions which can be calculated faster and more accurate in Fourier space than in real space. By introducing the Fourier transforms of the density profiles,
and those of the weight functions,
the weighted densities can be expressed as
This route of calculation offers the important advantage that the numerical calculation of these convolutions can be speed up significantly by applying Fast-Fourier-Transform (FFT) methods. Moreover it turns out that calculations of convolutions in real space depend more sensitively on the grid size ∆z to be used for discretization than those in Fourier space. We expect that the reason for this is that the FFT algorithm interpolates between data points with trigonometrical functions. To overcome this problem in real space a sophisticated integration scheme would have be applied or a very small grid size would have to be chosen.
Both remedies additionally slow down the numerical calculation in real space.
The results presented in this appendix are applicable if the density profiles depend on the z coordinate only. However, similar results can be obtained if the density profiles have radial symmetry.
we denote the packing fraction of the species i in the reservoir.
[28] For the density profiles in Fig. 1 we find the following values: z [29] For the density profiles in Fig. 4 we find the following values: z As in Fig. 1 
